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Abstract— Magnetite thin film obtained from the hot 
alkaline nitrate blackening method has been utilized for the 
protection of steel substrate since the 1900s. Even though this 
conversion coating process has been around for decades, its 
application is still limited to corrosion resistance in the firearms 
and the fasteners industry. Furthermore, there is a lack of 
literature that systematically analyse the effect of the 
parameters involved in the blackening process. For this reason, 
this study aims to investigate the effect of varying the 
blackening bath’s nitrate concentration, temperature and dwell 
time on the properties of the magnetite coating, especially that 
of wear resistance. In order to produce the magnetite coating, 
mild steel specimens were placed in a boiling solution made up 
of sodium hydroxide and sodium nitrate dissolved in water.  
The blackened specimens were then characterised using a 
battery of test; microstructure and composition analysis using 
a reflecting microscope and a scanning electron microscope, 
pin-on-disk test to analyse the wear resistance and tribological 
properties and corrosion resistance test using potentiodynamic 
polarization scanning. Consequently, it was found that the 
magnetite coating improves the wear resistance and corrosion 
properties of the steel substrate. In addition, the best magnetite 
coating is obtained using a blackening bath with a nitrate 
concentration between 25 % and 50 %, at a temperature of 140 
°C and with a dwell time between 15 minutes and 30 minutes.  
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I. INTRODUCTION 

Blackening or bluing is an electrochemical conversion 
coating where the iron on the surface of the substrate is 
oxidized into black magnetite (Fe3O4). This produces a black 
oxide thin film, which when impregnated with oil, provides 
protection against corrosion. In addition, the thin film also 
provides resistance against wear due to its hardness and its 
lubricating property. These properties endears it to 
application in the fire-arm industry and in the fasteners 
industry [1].  

There are two types of blackening or bluing process 
commercially used: (1) the hot blackening process and (2) 
the cold blackening process. The principal method used in 
the industry to obtain a magnetite coating is through the hot 
blackening process. In this process, the steel parts to be 
treated is immersed in a boiling solution of sodium 
hydroxide and sodium nitrate dissolved in water [2]. In order 
to obtain a satisfactory coating, the parts to be blackened 
should be cleaned with acid to remove rust and should be 
soaked in hot alkaline bath to remove grease. The magnetite 

coating produced by the process, upon sealing with 
supplemental oil, can withstand up to 96 hours in the salt 
spray test per ASTM Specification B 117 [2].      

There are many advantages that the blackening process 
offers over other types of coating. For example, the 
blackening process produces an attractive black finish that 
enhances the saleability of the coated articles. In addition, 
the process also offers an economical means of imparting 
moderate corrosion resistance and wear resistance to the 
treated parts. Furthermore, the magnetite coating produced 
caused very little dimensional change to the steel parts, 
which is vital for moving parts. With regards to the process 
itself, it is fairly simple and very flexible, such that a great 
variety of steel alloys can be blackened by using the same 
procedure. Moreover, contrary to other conversion coating 
and electroplating processes which requires extensive pre-
cleaning of the parts, inadequate cleaning of the parts is not 
a problem for the hot blackening process. Besides, the 
environmental effect of the blackening process is less grave 
than other electrochemical and conversion coating 
processes.  

There were many studies done to find out the possible 
reaction mechanism involved in the hot alkaline blackening 
process. According to the precipitation mechanism by R. M. 
Hurd and N. Hackerman [3], iron atoms from the surface of 
the substrate are oxidised into iron (II) ions, passing into the 
solution and forming gelatinous iron (II) hydroxide, Fe(OH)2 
(1). The iron (II) hydroxide is later partially oxidised into the 
iron (III) hydroxide, Fe(OH)3. The iron (III) hydroxide ion 
then undergoes a reversible reaction to form iron (III) oxide 
(2). The iron (III) oxide ion and the iron (II) hydroxide ion 
then undergo a condensation reaction to form magnetite, 
Fe3O4 spinel which is then precipitated on the substrate’s 
surface (3).  

   

𝐹𝑒 + 2𝐻2𝑂 ⇌ 𝐹𝑒(𝑂𝐻)2 + 𝐻2  (1) 

𝐹𝑒(𝑂𝐻)2 + 𝐻2𝑂 ⇌ 𝐹𝑒(𝑂𝐻)3 + 𝐻+ + 𝑒− ⇌ 𝐹𝑒𝑂2
−   (2) 

𝐹𝑒2+  + 2𝐹𝑒𝑂2
− → 𝐹𝑒3𝑂4        (3) 

 

J. Robertson [4] proposed that the magnetite coating is 
formed by two mechanisms working simultaneously. In 
addition to the precipitation mechanism mentioned 
beforehand, the steel substrate is also directly oxidized into 
magnetite, without first passing into the blackening solution 



(4-5). Consequently, duplex magnetite layers are formed on 
the surface of the steel specimen; an inner compact magnetite 
layer formed by the direct oxidation mechanism and an outer 
loose magnetite layer formed by the precipitation 
mechanism.  

 

𝐹𝑒 + 2𝐻2𝑂 ⇌ 𝐻𝐹𝑒𝑂2
− + 3𝐻+ + 2𝑒−           (4) 

3𝐻𝐹𝑒𝑂2
− + 𝐻+ ⟶ 𝐹𝑒3𝑂4 + 2𝐻2𝑂 + 2𝑒−   (5) 

 

The mechanism of the magnetite coating growth was also 
investigated by Y.I. Kuznetsov et al. [5] using 
electrochemical and pH measurement technique. The results 
of the investigation confirm the two mechanism theory 
proposed by J. Robertson. In addition, it was also found out 
that the magnetite coating was initially porous, but as it 
thickens, the pores were closed off by the increased density 
of the magnetite. 

Besides the aforementioned study of the mechanism of 
magnetite formation, there were also study on the 
mechanical and corrosion resistance properties of the 
magnetite coating. For example, H. Zhu et al. [6] reported 
that the magnetite coating produced through a novel 
hydrothermal blackening method corrodes at a potential of -
0.4 V. Meanwhile, X. Yu et al. [7] stated that the magnetite 
precipitate from oxide scale in hot-rolled micro alloyed steel 
has a coefficient of friction between 0.40 and 0.56. 

Although the hot alkaline nitrate blackening process has 
been around since the 1930s, the application of the 
blackening process has been limited to providing corrosion 
resistance to steel parts. In addition to corrosion properties, 
it is known that the magnetite coating produces through the 
blackening process possesses some lubricating property [2], 
which can be beneficial for industries dealing with mobile 
steel parts. For example, the lubricating effect and wear-
resistance of magnetite thin film can be of assistant to 
thermal spray deposited iron-based coating which 
experience problems of wear due to oxidation and 
deformation of steel splats [8]. The steel-based coating, in 
turn, is projected to aluminium parts used in the automotive 
industry in order to provide wear-resistance to the parts.  

This work is aimed to investigate the parameters 
involved in the hot alkaline blackening process and their 
effect on the mechanical and chemical properties of the 
blackened specimens. The nitrate concentration of the 
blackening bath, the bath temperature and the dwell time of 
bare mild steel specimens in the blackening bath were 
manipulated in this study and the properties of the magnetite 
coating obtained were analysed. Analysis of the blackened 
specimens were carried out to determine the magnetite 
coating thickness, surface microstructure, microhardness, 
friction characteristic, wear resistance and electrochemical 
corrosion resistance.      

II. EXPERIMENTAL PROCEDURES 

Low-carbon AISI 1117 steel rectangular plates, with 
composition and hardness shown in Table 1, were used in the 
blackening experiments.  

 

Table 1 The chemical composition and hardness of the steel specimen 

Material Composition Hardness 
(HV) 

Fe 
(%) 

C 
(%) 

Mn 
(%) 

P 
(%) 

S 
(%) 

 

AISI 1117 
steel 

98.67 0.21 1.00 0.04 0.08 149 

 

The plates were cut into specimens of two sizes; a smaller 
piece for microscopic analysis and a bigger piece for 
hardness test, tribological test and corrosion test, as seen in 
Fig. 1.   

  
    (a)       (b) 

Fig. 1 The rectangular mild steel specimens used in the experiment: 
(a) before blackening (b) after blackening 

In continuation, the specimens were treated in 35 % 
hydrochloric acid, HCl solution in order to remove any rust 
on the surface of the specimen. After the acid treatment, the 
specimens were then mounted in black MultiFast© resin. 
The mounted specimens were then polished to a mirror finish 
using #180 SiC grinding paper, #800 SiC grinding paper and 
1μm alumina suspension under 30 kN normal load and at a 
speed of 150 rpm. The resin was later broken off, leaving 
behind the polished specimens.  

Next, the prepared specimens were weighed using an 
electronic balance and put into a blackening bath at a certain 
temperature and for a certain dwell time. After that, the 
blackened specimens were taken out of the bath, rinsed in 
cold water, dried and weighed.  

The hot alkaline bath used in the blackening process, as 
shown in Fig. 2, consists of sodium hydroxide, NaOH, 
sodium nitrate, NaNO3 and distilled water. Different bath 
compositions were used to investigate the effect of the 
concentration of sodium nitrate and sodium hydroxide to the 
quality of the magnetite coating. Four batches of blackening 
bath were made; a 10 % nitrate bath, a 25 % nitrate bath, a 
50 % nitrate bath and a 100 % nitrate bath.  

 

Fig. 2 The hot alkaline blackening bath, with the steel specimens in it  



Adding sodium hydroxide pellets into the blackening 
bath or boiling off the water from the solution increases the 
boiling temperature of the solution due to the colligative 
properties of water. Using this fact, the specimens were 
blackened at 130°C, 140°C and 150°C to study the influence 
of temperature on the coating.  

Upon the attainment of the desired bath temperature, 
three pairs of specimens were dropped into the blackening 
bath to be blackened. A pair is taken out every 15 minutes in 
order to vary the dwell time of the specimens in the bath. 
Consequently, for each experiment, three pairs of specimens 
blackened for 15, 30 and 45 minutes were obtained.  

III. SPECIMEN CHARACTERIZATION 

In order to perform tests and analyse the blackened 
specimens, they were mounted in either MultiFast© or 
PolyFast© resins in function of the analysis to be done. The 
smaller specimens were mounted on black Polyfast© resin, 
while the cheaper MultiFast© resin is used to mount the 
larger specimens used for the hardness test and the pin-on-
disk test.   

Before the specimens were characterised, the specimens 
mounted in the Polyfast© resin were polished using #180, 
#500, #800, #1200 SiC grinding paper and 1 μm alumina 
colloidal suspension. The polishing process was carried out 
under 20 kN force, at 150 rpm and for 5 minutes for each 
grinding paper grade.   

The microstructure and thickness of the magnetite thin-
film was studied using a reflecting microscope (LEICA IM-
1000) and a scanning electron microscope (JEOL JSEM-
5600). In addition, the chemical composition of the 
magnetite coating and the underlying steel substrate was 
examined using energy dispersive X-ray spectroscopy 
(EDS).  

Meanwhile, some of the specimens mounted in 
MultiFast© resin were taken to the Fisherscope 
microhardness testing equipment. There, the specimens’ 
surface were subjected to a 100 mN load transmitted via a 
pyramidal-shaped Vickers indenter. The load was gradually 
increased from zero to 100 mN in 20 seconds, maintained at 
the maximum load for 5 seconds and then decreased for the 
same amount of time that it took for loading.   

Afterwards, tribological tests were carried out under a 
pin-on-disk configuration on a CSEM tribometer. The pin 
used in the tests is that of a tungsten carbide (WC) ball with 
a diameter of 6 mm. The tests were carried out under a 5 N 
load, a speed of 5 cm/s and for 5000 revolutions.   

The wear track generated by the tungsten carbide ball in 
the pin-on-disk test was then analysed using a Form 
TalySurf© surface profiler. In order to determine the wear 
resistance of the specimen, the volume of the wear track, W, 
of the specimen was first calculated by multiplying the wear 
track area, A, obtained by the surface profiler with the 
circumference of the wear track. The circumference of the 
wear track is obtained by multiplying the radius, R, with 2π  

𝑊 = 𝐴 ∙ 2𝜋𝑅 𝑚𝑚3     (6) 

Next, the volume of the wear track, W, was then divided 
with the sliding distance, L, to yield the wear rate 
experienced by the specimen. The sliding distance, in turn, 

is obtained by multiplying the circumference of the wear 
track with the number of revolutions, N: 

𝑤 =
𝑊

𝐿
=

𝑊

𝑁 ∙ 2𝜋𝑅
 𝑚𝑚3/𝑚     (7) 

After the wear rate has been calculated, the specific wear 
rate, 𝑤𝑠, which determines the intrinsic wear resistance of the 
specimen, is calculated by dividing the wear rate with the 
load, P: 

𝑤𝑠 =
𝑤

𝑃
 𝑚𝑚3/𝑚 ∙ 𝑁     (8) 

Finally, the corrosion resistance of the specimens was 
determined using the potentiodynamic polarization test. The 
test was carried out using a VersaSTAT 4 potentiostat. In 
order to simulate a coastal environment, a 3.5 % sodium 
chloride, NaCl solution was used as the electrolyte in the 
electrochemical cell. In addition, a three electrodes 
configuration was utilized in the tests; a platinum electrode, 
a saturated calomel electrode (SCE) and the specimen’s 
surface connected to the ground. All potentials were 
measured with respect to the SCE (0.244 V versus SHE) as 
the reference electrode. 

Before the potentiodynamic polarisation scan was 
started, the open-circuit potential (OCP) was first measured 
for approximately one hour. The scan was started at the OCP 
and the potential was increased at a rate of 2.0 mV/s until a 
maximum potential of 1.5 V and then decreased to -0.6 V. 

 

IV. RESULTS AND DISCUSSION 

In order to investigate the effect of the blackening bath 
nitrate concentration, temperature and the specimen’s dwell 
time on the magnetite coating, a series of tests were run on 
the specimens. The specimens’ mass change during the 
blackening process as well as the microstructure of each 
specimen were documented and analysed. In addition, the 
specimens were also subjected to microhardness test, pin-on-
disk test and corrosion test. 

A. Mass difference 

The percent mass difference between the specimen 
before and after the blackening process were recorded and 
its variation with the dwell time and blackening temperature 
is shown in Fig. 3. It can be seen that the specimens lose mass 
after they are blackened. The possible reason behind the loss 
in mass is that some of the heavier iron atoms are lost in the 
bath solution and substituted with lighter oxygen atoms 
which reacts with iron to form magnetite, Fe3O4.   

 



 

Fig. 3 Graph of the change in percent mass change of the specimens 
with the dwell time and the temperature of the 50 % nitrate blackening 

bath. 

In addition, it is worth noting that the mass change at 
different dwell times was approximately constant for a given 
bath temperature and nitrate concentration. Thus, it can be 
deduced that the oxidation of the steel specimens occurred 
shortly upon their introduction in the blackening bath and 
was finished before 15 minutes.  

On the other hand, different bath temperatures and nitrate 
concentrations do play an important role in dictating the 
oxidation rate of the steel specimens. As can be seen in Fig. 
4, the specimens loses more mass at higher bath temperature, 
the exception being that of the specimens blackened in the 
25 % nitrate bath. The reason behind this observation is that 
at higher bath temperature, the oxidation rate of the steel 
substrate into magnetite increases, hence increasing the mass 
loss of the specimen.    

 

Fig. 4 Graph of the change in percent mass change of the specimens, 
blackened for 30 minutes, with the temperature of the blackening bath and 

the nitrate concentration. 

With regards to the nitrate concentration, the specimens 
blackened in the 25 % nitrate bath loses the most mass, 
while the least mass is lost for the specimens blackened in 
the 100 % nitrate bath. 

B. Microstructure analysis 

The cross-section of the magnetite coating were observed 
by a reflecting microscope and a SEM and their micrographs 
are shown in Fig. 5. The grey layer in between the black resin 
and the white steel is the magnetite layer. As is observed in 
the micrographs, the magnetite layer is continuous and quite 
uniform in thickness.  

 

 

Fig. 5 Micrographs of the thickness of the magnetite coating (25 % 
NaNO3 blackening bath, at 130 °C and for 30 minutes) taken by: (a) 

reflecting microscope (b) SEM  

In order to confirm the chemical composition of the grey 
layer observed in the micrographs, an energy dispersive X-
ray spectrometry (EDS) spectrum of the layer was analysed. 
Fig. 6 shows the EDS spectrum of the grey layer, where iron 
and oxygen peaks can be observed in the spectrum. This 
observation proves the presence of magnetite in the layer. 
Further numerical analysis of the spectrum of the layer 
shows that it consists of 58.62 % oxygen atoms and 41.38 % 
iron atoms, which corresponds with the empirical formula of 
magnetite, Fe3O4.   
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Fig. 6 The EDS spectrum of the magnetite coating showing the iron 
and oxygen constituents 

The magnetite coating obtained in the experiments has an 
average thickness of around 3 μm and can grow up to a 
maximum thickness of 6 μm. The explanation behind this 
limiting thickness is that as the magnetite layer grows, it 
becomes harder for the oxygen atoms to diffuse into the 
underlying steel surface. As the magnetite coating reaches 
the limiting thickness, the oxidation reaction of the iron to 
form magnetite is slowed down until it stopped.     

A trend is observed on the variation of the thickness of 
the magnetite coating with the dwell time in the blackening 
bath. This is illustrated in Fig. 7, where the coating thickness 
is seen increasing with increasing dwell time up to a certain 
maximum point. Consequently, the maximum thickness is 
obtained at a dwell time of 30 minutes. The reason behind 
the existence of an optimum dwell time is that the blackening 
bath, which have a high pH value, tends to destroy the 
magnetite coating formed if the specimens are left for a long 
time in the bath. 

 

Fig. 7 Graph of the variation of the thickness of the magnetite coating 
with the dwell time and the nitrate concentration of the blackening bath, 

with the bath temperature maintained at 140 °C.  

Furthermore, it can also be observed in Fig. 8 that the 
coating thickness is greatest at a nitrate concentration of 25 
%, followed by 50 %, 10 % and 100 %. The reason behind 
this tendency is that at low concentration of NaNO3, the 
NaOH concentration in the blackening bath needs to be 
increased. The high pH value consequently provokes the 
corrosion of the magnetite coating, causing the coating 

thickness to be reduced.  In contrast, at high concentration of 
NaNO3, the salt in the blackening bath is precipitated out of 
the solution. The precipitated salt then cover up the surface 
of the specimens thus inhibiting the oxidation of the 
specimens. 

Fig. 8, in comparison, shows the variation of the coating 
thickness with the bath temperature and the nitrate 
concentration. The coating thickness is seen to be increased 
with increasing bath temperature, with the exception for the 
25 % nitrate bath. Consequently, the maximum thickness is 
obtained at a temperature of 150 °C. The reason behind this 
observation is that at higher bath temperature, the oxidation 
rate of the steel substrate into magnetite increases, hence 
producing a thicker magnetite coating. 

 
Fig. 8 Graph of the variation of the thickness of the magnetite coating 

with the temperature and the nitrate concentration of the blackening bath 
for a dwell time of 30 minutes. 

Furthermore, it can also be observed in Fig. 8 that the 
coating thickness is greatest at a nitrate concentration of 25 
%, followed by 50 %, 10 % and 100 %. The reason behind 
this tendency is that at low concentration of NaNO3, the 
NaOH concentration in the blackening bath is 
correspondingly higher. The high pH value consequently 
provokes the dissolution of the magnetite coating, causing 
the coating thickness to be reduced.  In contrast, at high 
concentration of NaNO3, the salt in the blackening bath is 
precipitated out of the solution. The precipitated salt then 
cover up the surface of the specimens thus inhibiting the 
oxidation of the specimens.   

C. Vickers indentation hardness test 

According to the mineral database www.mindat.org, the 
hardness of the magnetite in mineral form is around 681 HV 
and 792 HV. In contrast, the hardness of mild steel revolves 
around 100 HV and 200 HV. Therefore, the magnetite 
coating should increase the surface hardness of the steel 
specimens. 
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Fig. 9 shows the penetration against load curve of the 
mild steel specimen during loading and unloading. It can be 
seen that six indentations were made on the surface of the 
steel with an average depth of 1.4 μm. As a result of the load-
penetration curve analysis, the indentation hardness of the 
mild steel specimen is found to be around 150 HV. Hence, 
the hardness value found in the microhardness test concurs 
with the value provided by the supplier (149 HV). 

 
Fig. 9 The loading and unloading curves of the indentation hardness 

test done on the mild steel specimen 

In addition, the loading and unloading curves, shown in 
Fig. 9, follows the indentation behaviour characteristic of 
ductile material. As a result, the indented surface undergoes 
plastic deformation and did not recover its original thickness 
upon unloading. The high percentage of plastic deformation 
(92.99%) measured in the test further supports this 
observation.    

Fig. 10, on the other hand, shows the result of the 
microhardness test done on a specimen blackened in a 25 % 
nitrate blackening bath at 150 °C and for 45 minutes. As seen 
in Fig, the average penetration depth of the indenter is around 
1.2 μm, which is less than that of the steel specimen. It can 
also be seen that the microhardness of the specimen increases 
from around 150 HV for the steel specimen to around 164 
HV for the blackened specimen. This is due to the fact that 
magnetite has a greater hardness value than mild steel, hence 
the higher combined hardness of the blackened steel.  

 
Fig. 10 The loading and unloading curves of the indentation hardness 

test done on the specimen blackened in the 10% nitrate bath at 150 °C and 
for 45 minutes. 

In contrast with the steel specimen, the blackened 
specimen experienced a mix between elastic and plastic 
deformation. The magnetite coating, being a brittle material, 
only undergo elastic deformation, whereas the underlying 
steel contributes to the plastic deformation of the indented 
surface. This is proven by the lower percentage of plastic 
deformation experienced by the indented surface of the 
specimen (87.23%). 

D. Pin-on-disk test 

Fig. 11 shows the change in the value of the friction 
coefficient of the steel specimen with the number of 
revolutions of the 6 mm tungsten carbide ball used in the test. 
The coefficient of friction of the specimen starts with a high 
value of 0.41. The coefficient of friction later descends to a 
value of 0.31, then rises back up. In general, the average 
coefficient of friction of the steel specimen is about 0.36.    

 

 
Fig. 11 The coefficient of friction of the steel specimen measured in 

the pin-on-disk test. 

It can be observed in Fig. 12 that, contrary to Fig. 11, the 
coefficient of friction of the blackened specimen averaged 
out at a value of 0.189. This confirms that the magnetite 
coating has a lower coefficient of friction that the steel. In 
addition, it can also be seen that the value of the coefficient 
of friction of the magnetite coating fluctuates until the 
running distance reaches 2000 revolutions, whereby it 
stabilizes to the mean value.       

 
Fig. 12 The coefficient of friction of the blackened specimen measured 

in the pin-on-disk test. 

E. Wear resistance analysis 

The wear tracks generated on the surface of the 
specimens by the ball-on-disk test were analyzed so as to 
determine their wear rate. The area of the wear track 
produced on the steel specimen was determined to be about 
200 μm2, as seen in Fig. 13. It can also be observed that the 
steel surface is fairly smooth due to the prior grinding of the 
steel surface.  



 
Fig. 13 The profile of the wear tracks produced on the bare steel 

specimen 

On the contrary, as shown in Fig. 14, the tungsten carbide 
ball managed to carve out a wear track with an area of 66.1 
μm2 on the surface of a specimen blackened in a 50 % nitrate 
concentration at 130 °C for 30 minutes. Hence, the wear 
experienced by the blackened specimen is less than that 
experienced by the steel specimen. 

 
Fig. 14 The profile of the wear tracks produced on the specimen 

blackened in 50 % nitrate bath at 140 °C for 30 minutes. 

Furthermore, it can also be observed that the wear track 
in Fig. 14 has a depth of 0.38 μm. Consequently, the depth 
of the wear track is less than the thickness of the magnetite 
coating (3.57 μm). This ensures that the measured specific 
wear rate was that of the magnetite coating and not of the 
underlying steel surface.    

In continuation, the variation of the wear rate with the 
dwell time, temperature and the nitrate concentration were 
plotted to determine their respective effect on the wear rate 
of the magnetite coating.  

Fig. 15 displays the effect of the dwell time on the wear 
rate. It can be seen that the specific wear rate is the least for 
the specimen blackened for 30 minutes (0.0137 mm3/m•N), 
whereas the specific wear rate is the highest for a dwell time 
of 15 minutes (0.0309 mm3/m•N). Moreover, the specific 
wear rate follows a descending trend as the dwell time 
increases. 

 

 
Fig. 15 The variation of the specific wear rate of the magnetite 

coating with the dwell time, with the temperature set at 140 °C and the 
nitrate concentration at 50 %. 

The trend observed in Fig. 15 can be explained by the 
mechanism of the magnetite layer growth. As the magnetite 
coating grows in the blackening solution, the coating 
becomes denser and the pores on the magnetite coating 
become blocked [5]. As a result, the magnetite coating 
becomes more resistant to wear the longer it sits in the 
blackening bath, 

 Similar to Fig. 15, the specific wear rate of the magnetite 
coating also decreases with increasing bath temperature, as 
seen in Fig. 16. Regarding the value of the specific wear rate, 
the specific wear rate is lowest for the specimen blackened 
at 140 °C (0.0137 mm3/m•N), while the specific wear rate is 
highest for the specimen blackened at 130 °C (0.0258 
mm3/m•N). 

 
Fig. 16 The variation of the specific wear rate of the magnetite 

coating with the bath temperature, with the nitrate concentration set at 50 
% and the dwell time at 30 minutes. 
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The possible explanation behind this observation is that, 
at higher temperatures, the oxidation reaction rate increases, 
causing the magnetite coating to grow faster. Hence, the 
specimen blackened at 150 °C has a denser magnetite 
coating after 30 minutes compared to the specimens 
blackened at 140 °C and 130 °C. As mentioned before, a 
denser magnetite coating contributes to an improvement of 
the wear resistance property of the magnetite coating. 

Nitrate concentration, on the other hand, doesn’t seem to 
affect the wear resistance of the magnetite coating. As shown 
in Fig. 17, the specific wear rate for the blackened specimens 
is seen to be fluctuating about an average value of 0.02 
mm3/m•N. It can also be observed that the specific wear rate 
of the blackened specimens has a range between 0.014 
mm3/m•N and 0.032 mm3/m•N. 

 
Fig. 17 The variation of the specific wear rate of the magnetite 

coating with the nitrate concentration, with the temperature set at 140 °C 
and the dwell time at 30 minutes. 

A possible explanation behind the similar specific wear 
rate among the blackened specimens at different nitrate 
concentrations is that the magnetite coatings produced in 
different nitrate concentration, but at the same temperature 
and dwell time, have the same microstructure and adherence 
to the steel substrate. A globular magnetite structure [7] 
produced via the direct oxidation mechanism was formed on 
the surface of the blackened specimen at a temperature of 
140 °C and a dwell time at 30 minutes regardless of the 
nitrate concentration. This globular magnetite structure in 
turn gives the coating a good wear resistance property. 

F. Electrochemical corrosion test 

The traditional function of a blackening process is to 
provide a corrosion resistant coating on steel surfaces. 
Hence, the magnetite coating obtained in the blackening 
experiments should demonstrate a higher corrosion 
resistance than the bare steel specimen.  

Fig. 81 demonstrates the potentiodynamic polarization 
plot for the steel specimen, showing the anodic and cathodic 
curves of the plot. It can be seen that the steel specimen has 
a corrosion potential value, Ecorr, of -0.95 V and a corrosion 
current density value, Icorr, of 0.002 μA. In addition, it can 

also be noticed that the plot is symmetrical about the 
corrosion potential. 

 

  

 
Fig. 18 The potentiodynamic polarization plot (blue graph), adjusted 

to a Tafel plot (red graph) for the bare steel specimen. 

In comparison, the corrosion potential for a specimen 
blackened in the 10 % nitrate bath at 140 °C for 15 minutes 
is about -2.8 V, as seen in Fig. 19. The corrosion potential 
for the blackened specimen is thus more cathodic than that 
of the steel specimen. Furthermore, the specimen has a 
corrosion current density of 1 ∙  10−6 μA, much lower than 
that of the steel specimen. This means that the corrosion rate 
of the blackened specimen is much smaller than that of the 
steel specimen. Therefore, the magnetite film in the 
specimen provides a passivating coating over the steel 
substrate. 

 
Fig. 19 The potentiodynamic polarization plot (blue graph), adjusted 

to a Tafel plot (red graph) for the specimen blackened in the 10% nitrate 
bath at 140 °C for 15 minutes.  

 

V. DISCUSSION 

The thickness of the magnetite coating is thought to play 
a pivotal role in determining its wear resistance and 
corrosion resistance. Henceforth, the relationship between 
the coating thickness and the corresponding properties is 
discussed in the following paragraphs. 

Fig. 20 shows the relationship between the specimen’s 
mass loss and the magnetite coating thickness. An inverse 
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relationship was found between the thickness of the 
magnetite coating and the mass loss of the specimen, as 
shown in Fig. 20. This observation demonstrates the fact that 
as the magnetite coating grows, more of the iron atoms on 
the steel surface is dissolved into the solution and the iron 
atoms were replaced by lighter oxygen atoms in the 
magnetite coating. 

 
Fig. 20 The relationship between the mass change after the 

blackening process and the thickness of the magnetite coating 

Upon finishing the mechanical and corrosion tests on the 
specimens, the magnetite coating on the specimens were 
stripped off using a 32 % hydrochloric acid solution. The 
mass difference between the specimen before and after the 
stripping process was calculated to determine the mass of the 
magnetite coating. Fig. 21 demonstrates the relationship 
between the thickness of the magnetite coating with the 
coating mass. It can be observed that the coating mass 
increases as the coating thickness increases, which indicates 
that the density of the coating is uniform. 

 
Fig. 21 The relationship between the magnetite coating mass and the 

thickness of the magnetite coating 

The mechanical properties of the magnetite coating is 
thought to be improved by increasing the coating thickness. 
As shown in Fig. 22, the specific wear rate of the magnetite 
coating decreases with increasing coating thickness. Hence, 
this proves that the wear resistance of the specimen is 
improved with increasing magnetite coating thickness. 

 
Fig. 22 The relation between the thickness of the magnetite coating 

and the specific wear rate of the coating. 

On the other hand, the corrosion resistance of the 
specimen reduces with thicker magnetite coating. Fig. 23 
demonstrates this fact by showing the anodic shift of the 
corrosion potential with greater coating thickness. As the 
corrosion potential becomes more positive, the specimen 
becomes more prone towards the formation of rust, Fe2O3. 
Consequently, a thicker magnetite coating provides less 
protection for the steel substrate against corrosion.    

 
Fig. 23 The relation between the thickness of the magnetite coating 

and the corrosion potential, Ecorr of the coating. 
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The explanation behind this counterintuitive behaviour 
of the magnetite coating is that as the coating becomes 
thicker, it also becomes more porous. The porousness of the 
magnetite coating is due to the increased compressive stress 
caused by the increase in density of the magnetite coating, 
which creates new pores on the coating.  

A mechanism of magnetite thin film growth on the steel 
substrate is proposed to explain the findings in this study. In 
this mechanism, the iron atoms on the specimen’s surface are 
dissolved during the early period of the blackening process, 
oxidized to form magnetite particles and precipitated back 
on the surface of the specimen. In addition, the steel surface 
also experiences direct oxidation by the reactants in the 
blackening solution.  

As the magnetite coating grows, the initially porous 
coating becomes denser up to the point that the pores are all 
closed up. At this point, the dissolution of the iron atoms and 
the direct oxidation of the steel surface are inhibited. 
However, the precipitation of magnetite particles from the 
blackening solution onto the specimen’s surface continues, 
further increasing the density of the magnetite coating. The 
increased compressive stress in the coating due to the 
increased magnetite density finally causes the coating to 
crack, producing new pores on the coating.  

VI. CONCLUSION 

Magnetite coating of an average thickness of 3 μm was 
successfully obtained using the hot alkaline blackening 
process. In addition, the thickest coating was obtained when 
the specimen is blackened in 25% nitrate bath at 140 °C and 
for 30 minutes (5.77 μm). 

A mechanism of magnetite thin film formation is 
proposed in this study. The mechanism consists of the 
formation of magnetite nuclei through the direct oxidation 
route and the growth of the magnetite film through the 
precipitation route. The initial magnetite film is initially 
porous, but the increase in the density of the magnetite film 
closes the pores. However, further increase in density 
produces excessive compressive stress in the coating, 
creating new pores on the coating. 

As a result of the characterization of the magnetite 
coating, it was found that the presence of the magnetite 
coating improves the wear resistance of the steel specimens. 
The specimen with the best wear resistance is that of the 
specimen blackened in 50 % nitrate bath at 140 °C and for 
30 minutes with a specific wear rate of 0.0137 mm3/m∙N, 
which is less than half that of the steel substrate (0.048 
mm3/m∙N). 

In addition, the corrosion resistance of the specimens are 
also improved by the presence of the magnetite coating. The 
best corrosion protection is provided by the magnetite 
coating produced on the specimen blackened in 10 % nitrate 
bath at 140 °C and for 15 minutes, which has a corrosion 
potential of -2.9 V, which is more cathodic than that of the 
bare steel (-0.98 V),  

In conclusion, the best magnetite coating is obtained at a 
bath temperature of 140 °C with a dwell time between 15 
minutes and 30 minutes. In addition, the nitrate 

concentration of the bath should be between 25 % and 50 % 
to produce magnetite coating of good quality.   
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